The interaction between the surface of stainless steel and Bacillus cereus was studied in terms of the characteristics of interfacial interaction determined from the measurement of the contact angle of the surface of B. cereus and stainless steel in the presence or absence of B. cereus adherence. The microtopographies and the roughness of the surface of stainless steel and stainless steel adhered by B.
INTRODUCTION
Bacillus cereus, a spore forming bacterium, is an inevitable low-grade contaminant of a wide variety of foods, including cereals, food additives and processed milk products (11, 14) . Due to high incidence in these products, some outbreaks have been reported in which milk or milk-related products containing B. cereus were suggested to be the cause of disease (2, 14) . Also, B. cereus isolates has been observed in a high number of samples collected from food processing contact surfaces in the dairy industry (2) . The occurrence of these microorganisms in pasteurized milk can be explained by the presence of their heat-resistance spores in raw milk or by milk recontamination, due to inadequately cleaned and sanitized surfaces (3, 9, 13) . The main consequence of B.
cereus contamination in milk is the decreasing of shelf life and the occurrence of an off-flavor (9) . B. cereus produces thermoresistant extracellular proteases and phospholipases that cause sweet coagulation and bitterness defects in milk.
Bacterial adhesion of B. cereus and other microorganisms to food processing contact surfaces is affected by the interaction of physicochemical characteristics of the microorganism surface and the contact surfaces. Specific linkages between microorganisms and food processing surfaces depend on the chemical composition of the both surfaces (17) .
Surfaces characteristics including cell surface hydrophobicity (15) . DLVO theory was proposed for liophobic colloidal particles, considering only long forces such as van der Waals forces. In 1994, van Oss and co-workers (19) proposed the extended DLVO theory that includes the influence of short forces such as Born repulsion forces, hydration forces, hydrophobic interactions and polymer bridges. However, it is important to mention that cellular structures such as flagella, fimbriae, and pili, and that the production of extracellular polysaccharides plays an important role in the adhesion process. In addition, environmental conditions such as pH, ionic forces, temperature, exposure time and cellular concentration of microorganisms strongly influence the adhesion process (6) . Better understanding of the role of physicochemical properties in the adhesion process and biofilm formation on food processing contact surfaces can aid in the control of bacterial growth in environmental milk processing at dairy plants.
In the present study, the characteristics of interfacial tension of an isolated B. cereus strain from a dairy plant, a stainless steel surface and a stainless steel surface adhered by B. cereus were examined by measurements of contact angles between the surfaces and applying the data to the extended-DLVO theory. In addition, the roughness and the microtopography of stainless steel surfaces were evaluated in the presence or absence of B. cereus adherence.
MATERIALS AND METHODS

Microorganism and Surfaces
Studies were conducted using suspensions a B. cereus 
Attachment of Cells
Coupons were first cleaned by washing them with neutral liquid detergent and water, followed by rinsing with distilled water and immersion in 70% ethyl alcohol for 1 h to remove fat. Subsequently, coupons were rinsed with distilled water, air-dried, and sterilized at 121°C for 15 min (12) . The cleaned and sanitized coupons were added to 250 mL flasks containing 100 mL of nutrient broth, which were previously inoculated with suspensions of B. cereus. The initial number of cells was approximately 10 3 cfu/mL, and the flasks were incubated statically for different times and at different temperatures according to the full factorial at two levels ( Table 1) .
At the proper times, coupons were removed and rinsed for 1 min in tubes containing 10 mL of sterilized 0.1 % peptone water to remove the planktonic cells. Afterward, each coupon was placed into Petri plates and analyzed for contact angle and roughness. The suspensions were centrifuged at 12.000 g for 10 min and washed three times in 0.1 M phosphate buffered saline (PBS).
The cell pellet was suspended in the same buffer, and the suspension was filtered using an acetate cellulose membrane 
Determination of the Total Interfacial Tension ( tot )
The equation of Young-Good-Girifalco-Fowkes (Equation 
Equation (1) where tot is the total interfacial tension of the surface, LW is the interfacial tension of the interactions of the Lifshitz-van der respectively (19) .
The three components of the interfacial tension of the surfaces were determined from the contact angles obtained from three liquids with different polarities, whose interfacial tensions are known as shown in Table 2 . Source: (18) The interfacial tension is equal to the sum of the two (13) where bs is the interfacial tension between the bacterial surfaces and the adhesion surface, bl is the interfacial tension between the bacterial surfaces and the liquid, and sl is the interfacial tension between the adhesion surfaces and the liquid. The G adhesion values allow for evaluation of the thermodynamics of the adhesion process: if G adhesion < 0, the process is favorable, but if G adhesion > 0, the process is unfavorable.
Surface Roughness
The microtopography of the stainless surface in the presence or absence of B. cereus adherence was evaluated using atomic force microscopy (AFM)that analyzed areas of 100 µm 2 and 10 µm 2 (Universal SPM System Ntegra Prima/NT-MDT) and using a Perthometer (Ambios Technology, XP1) that analyzed one line of 1 mm in each coupon. The experiment was conducted with three repetitions.
The roughness of the surfaces was compared before and after bacterial adhesion by different numbers of B. cereus by regression analysis at 5% of probability. The means of the roughness were submitted to Tukey's test ( = 0.05) by using the Statistical Analysis System (SAS), version 9.1.
RESULTS AND DISCUSSION
Adhesion of B. cereus
The numbers (log cfu/cm 2 ) of Bacillus cereus cells adhered to stainless steel AISI 304 #4 in different experiments are shown in Table 3 . 
Analyses of the Contact Angles
The contact angle with water ( W ) measured for B. cereus was lower than 50 °, (Table 4) 
Thermodynamic Parameters of the Surfaces
The contact angle measurements for the three substances were used to calculate the components of interfacial tension and levels of hydrophobicity (Table 5) 
Total Free Energy of Interaction ( G sws TOT )
According to the quantitative criteria, the B. cereus strain 
Global Free Energy of Adhesion ( G adhesion )
According to the thermodynamic theory of adhesion, if attractive forces are higher than repulsive forces, the interaction of short reach plays an important role in bacterial adhesion to surfaces. Such forces include polar and apolar interactions. Bacterial adhesion is favorable if the interactions lead to a decrease in the free energy of adhesion ( G adhesion < 0) (6). In our experiment, the free energy of adhesion between stainless steel and B. cereus was positive ( G adhesion > 0) ( Despite that the strain studied in this experiment is considered hydrophilic, some strains of Bacillus can produces highly hydrophobic spores that are able to adhere strongly to stainless steel, a surface recognized as hydrophobic. After adhesion, the process of spore germination can occur and vegetative cells may colonize the surfaces (10).
Roughness and Microtopography of the Surfaces
There is no difference (p 0.05) in the roughness of the surfaces analyzed by AFM and perfilometry (Figures 1 and 2) . Perthometer.
